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Abstract
Vibrio harveyi, a luminescent Gram-negative
motile marine bacterium, is an important patho-
gen responsible for causing severe diseases in
shrimp, finfish and molluscs leading to severe eco-
nomic losses. Non-luminescent V. harveyi
obtained by culturing luminescent strains under
static and dark condition were reported to alter
the levels of virulence factors and metalloprotease
gene and luxR expression when compared to their
luminescent variants. Presently, we conducted an
in vitro study aiming at the characterization of vir-
ulence-related phenotypic traits of the wild-type
V. harveyi BB120 strain and its isogenic quorum
sensing mutants before and after switching to the
non-luminescent status. We measured the produc-
tion of caseinase, haemolysin and elastase and
examined swimming motility and biofilm forma-
tion. Our results showed that switching from the
bioluminescent to the non-luminescent state chan-
ged the phenotypic physiology or behaviour of
V. harveyi resulting in alterations in caseinase and
haemolytic activities, swimming motility and bio-
film formation. The switching capacity was to a
large extent independent from the quorum sensing
status, in that quorum sensing mutants were
equally capable of making the phenotypic switch.
Keywords: luminescent, non-luminescent, pheno-
type switch, Vibrio harveyi, virulence factor.
Introduction
Vibrio harveyi is a luminescent Gram-negative
motile marine bacterium widely distributed in
the marine environment (Farmer et al. 2005).
The bacterium is a major pathogen responsible
for causing life-threatening vibriosis in the wild
and in cultured aquatic animals such as shrimps,
finfish and molluscs. In particular, at early live
stages, the infection leads to severe economic
losses and marked impacts on biodiversity (Aus-
tin & Zhang 2006; FAO 2010). V. harveyi is
known to exist as free-swimming single cells,
adhered to abiotic surfaces as a constituent of
biofilm consortia, and in association with a host,
as a pathogen of marine animals (Henke & Bass-
ler 2004).
Several studies have shown that the pathoge-
nicity of V. harveyi is associated with extracellular
compounds, and the production of some of these
compounds is regulated by quorum sensing (Ag-
uirre, Ruiz & Ascencio 2004; Defoirdt et al.
2010; Natrah et al. 2011). By definition, quorum
sensing or cell-to-cell communication between
bacteria refers to a mechanism by which bacteria
coordinate certain phenotypic behaviours (such as
virulence factor production) by secreting, detect-
ing and responding to small signal molecules (see
review, Defoirdt et al. 2010). V. harveyi uses a
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multichannel quorum sensing system with three
quorum sensing signal molecules viz. harveyi au-
toinducer 1 (HAI-1), autoinducer 2 (AI-2) and
cholerae autoinducer 1 (CAI-1), which act syner-
gistically in virulence gene regulation (Cao &
Meighen 1989; Chen et al. 2002; Higgins et al.
2007). The signal molecules are detected at the
cell surface by distinct membrane-bound recep-
tors feeding a shared phosphorylation/dephos-
phorylation signal transduction cascade. Central
in this signal transduction cascade is the LuxO
protein. At low concentrations of the signal mol-
ecules, LuxO is phosphorylated and indirectly
inhibits the production of the transcriptional reg-
ulator protein LuxR. Conversely, LuxO becomes
dephosphorylated in the presence of high concen-
trations of signal molecules, leading to the trans-
lation of the luxR mRNA. The LuxR protein,
finally, regulates the transcription of quorum
sensing target genes (Tu & Bassler 2007). Viru-
lence factors that have been found to be quorum
sensing-regulated in V. harveyi include biofilm
formation; the production of siderophores,
chitinase, caseinase, gelatinase, metalloprotease,
phospholipase, and extracellular toxins; type III
secretion; and motility (Defoirdt et al. 2008;
Natrah et al. 2011; Yang & Defoirdt 2014).
Finally, quorum sensing has also been reported
to control the virulence of luminescent V. harveyi
towards different hosts in vivo (Defoirdt &
Sorgeloos 2012; Pande et al. 2013).
Bioluminescence in V. harveyi is another pheno-
typic characteristic that is regulated by quorum
sensing (Bassler et al. 1993). The biochemistry and
genetics of bioluminescence have been extensively
investigated (Nealson & Hastings 1979; Wegrzyn
& Czyz 2002). However, its biological role in non-
symbiotic bacteria remains elusive. Biolumines-
cence consumes 20% of the cellular energy
(Makemson 1986), and consequently, it must con-
fer a considerable selective advantage on non-sym-
biotic bacteria or else it would have been lost
during evolution. One of the assumptions is that
V. harveyi emits light to stimulate DNA repair
(Wegrzyn & Czyz 2002). Interestingly, V. harveyi
bioluminescence has also been shown to be
involved in the detoxification of reactive oxygen
species such as H2O2, thus playing a protective role
against oxidative stress (Czyz & Wegrzyn 2001). As
H2O2 is an important part of the innate immune
defence mechanism in eukaryotic hosts against
infections (Murray & Cohn 1980),
bioluminescence could also be considered as a viru-
lence factor or innate immune evasion strategy. In a
previous study, we obtained non-luminescent vari-
ants of luminescent V. harveyi strains by culturing
the latter under static conditions in the dark and
found that these non-luminescent variants were less
virulent towards brine shrimp (Artemia franciscana)
larvae than their luminescent counterparts (Phuoc
et al. 2009). In a second study, we found that the
non-luminescent variants produced lower mRNA
levels of the quorum sensing master regulator luxR,
and the vhp metalloprotease (known to be regulated
by quorum sensing) (Ruwandeepika et al. 2010).
Here, we aimed at characterizing the production
of virulence factors, including caseinase, heamoly-
sin and elastase, as well as the swimming motility,
and biofilm formation in isogenic luminescent
and non-luminescent variants of V. harveyi wild
type and quorum sensing mutants.
Materials and methods
Bacterial strains and growth conditions
Vibrio harveyi strains used in this study are shown
in Table 1. The strains were stored in 20% glycerol
at 80 °C. Rifampicin-resistant (RR) strains were
produced by inoculating one fresh single colony
from Marine Agar (MA, Difco laboratories) plates
(28 °C for 24 h) in a 100-mL Erlenmeyer flask
containing 10 mL Marine Broth (MB) 2216 (Difco
laboratories) and incubating the flask at 28 °C for
24 h. Bacterial cultures (50 lL) were transferred to
a 10 mL MB containing 0.5 mg L1 of rifampicin
(R3501, Sigma-Aldrich). The culture was incubated
at 28 °C for 24–48 h. In the following days, sub-
cultures were made in MB with the increasing con-
centration of rifampicin (50–100 mg L1). When
the bacteria were grown in the final rifampicin con-
centration of 100 mg L1, bacterial supernatants
were inoculated on MA containing 100 mg L1 of
rifampicin, and incubated overnight at 28 °C for
obtaining single colonies.
Autoclaved Aeromonas sp. LVS3 bacteria were
used as feed source for Artemia (Marques et al.
2006). LVS3 was grown in MB. Overnight grown
LVS3 in MB was centrifuged at 2200 g for
15 min. The supernatant was discarded, and the
pellet was resuspended in filtered autoclaved sea
water (FASW). The bacterial densities were deter-
mined spectrophotometrically at an optical density
(OD) of 550 nm assuming that an OD of 1.0
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corresponds to 1.2 9 109 cells mL1 (McFarland
standard; BioMerieux). Subsequently, the cell sus-
pension was autoclaved at 121 °C for 20 min.
Selection of non-luminescent variants
Non-luminescent variants (RR-NL) were selected
as described previously (Phuoc et al. 2009). Briefly,
one single freshly grown luminescent colony (RR-
L) was inoculated in a 250-mL Erlenmeyer flask
containing 5 mL MB. The culture was kept in the
dark under static conditions for 2 or 3 days. Subse-
quently, the medium was discarded and the Erlen-
meyer flask was rinsed with FASW to remove the
motile cells. The cells attached to the bottom of the
flask were collected by adding 1 mL FASW and
collected by shaking. Resuspended cells were inocu-
lated on MA plates supplemented with 100 mg
L1 of rifampicin, and incubated for 24 h at 28 °C
to check for the presence of the dark colonies.
Measurement of bioluminescence
Overnight grown bacterial cultures were diluted to
an OD of 0.2 at 600 nm. Subsequently, 200 lL
aliquots were transferred into the wells of a black
96-well, flat-bottomed sterile polystyrene microti-
tre plate. The bioluminescence was measured
using a Tecan Infinite 200 microplate reader
(Tecan) (Defoirdt & Sorgeloos 2012)
Caseinase and haemolysin activities, and
swimming motility
The caseinase and haemolysin activities were mea-
sured as described by Natrah et al. (2011). The
caseinase agar plates were prepared by mixing
double-strength MA with 4% skim milk powder
suspension (Oxoid, Basingstoke), each sterilized
separately at 121 °C for 5 min prior to mixing.
Haemolytic assay plates were prepared by combin-
ing MA with 5% defibrinated sheep blood (Ox-
oid, Basingstoke). Swimming motility assay plates
were prepared by supplementing MB with 0.3%
agar (Rashid & Kornberg 2000). Overnight grown
bacterial cultures were diluted to an OD600 of
0.5. Subsequently 10 lL was spotted in the mid-
dle of each test plate. Colony diameters and clear-
ing zones surrounding the bacterial colonies were
measured after 2 days of incubation. Swimming
motility zones were measured after 24 h of
incubation.
Elastase activity
Elastolytic activity in all bacterial strains was
determined as described by Visca et al. (1992),
utilizing elastin Congo red (Sigma-Aldrich) as
substrate. The bacterial cultures were centrifuged,
supernatants were filter-sterilized (0.22 lm), and
then, the sterile filtrates (150 lL) were transferred
Table 1 Bacterial strains used in this study
Strain Relevant feature References/sources
BB120 Wild type, luminescent Bassler, Greenberg & Stevens (1997)
BB120 RR-L Rifampicin-resistant luminescent Phuoc et al. (2009)
BB120 RR-NL Rifampicin-resistant non-luminescent Phuoc et al. (2009)
BB152 Mutation in LuxM (AI-1 synthase), luminescent Bassler, Wright & Silverman (1994)
BB152 RR-L Rifampicin-resistant luminescent Phuoc et al. (2009)
BB152 RR-NL Rifampicin-resistant non-luminescent Phuoc et al. (2009)
MM30 Mutation in LuxS (AI-2 synthase), luminescent Surette et al. (1999)
MM30 RR-L Rifampicin-resistant luminescent Phuoc et al. (2009)
MM30 RR-NL Rifampicin-resistant non-luminescent Phuoc et al. (2009)
MM77 Mutation in LuxM (AI-1 synthase) and LuxS (AI-2 synthase), luminescent Mok, Wingreen & Bassler (2003)
MM77 RR-L Rifampicin-resistant luminescent This study
MM77 RR-NL Rifampicin-resistant non-luminescent This study
JMH603 Mutation in CqsA (CAI-1), luminescent Henke & Bassler (2004)
JMH603 RR-L Rifampicin-resistant luminescent This study
JMH603 RR-NL Rifampicin-resistant non-luminescent This study
JMH606 Mutation in LuxM (AI-1 synthase) and CqsA (CAI-1) Henke & Bassler (2004)
JMH606 RR-L Rifampicin-resistant luminescent This study
JMH606 RR-NL Rifampicin-resistant non-luminescent This study
JMH634 Mutation in LuxM (AI-1 synthase), LuxS (AI-2 synthase)
and CqsA (CAI-1), luminescent
Henke & Bassler (2004)
JMH634 RR-L Rifampicin-resistant luminescent This study
JMH634 RR-NL Rifampicin-resistant non-luminescent This study
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to Eppendorf tubes. Subsequently, 20 mg of elas-
tin Congo red and 850 lL of 100 mM Tris-Cl/
1 mM CaCl2 solution (pH 7.5) were added. The
mixtures were incubated overnight at room tem-
perature with continuous shaking. Finally, insolu-
ble particles were removed by centrifugation at
13 000 g for 1 min and the supernatant was used
for measuring the absorbance at 495 nm.
Quantification of biofilm formation
Biofilm formation was quantified as described pre-
viously (Stepanovic et al. 2007) with some modifi-
cations. Briefly, strains were grown in MB
overnight at 28 °C until an OD600 of 1 and then
diluted in fresh MB to an OD600 of approxi-
mately 0.1. Aliquots (200 lL) were transferred, in
triplicate, into the wells of a sterile polystyrene
microtitre plate. Non-inoculated wells receiving
only MB were used as negative controls. The plate
was covered with a lid and incubated at 28 °C for
24 h under static conditions. The bacterial sus-
pensions were aspirated, and each well was rinsed
three times with 300 lL of sterilized distilled
water. After that, the biofilms were fixed with
150 lL of methanol for 20 min. The plate was
air-dried, and the biofilms were stained with
150 lL of crystal violet solution (1%) for 15 min
at room temperature, washed in running water
and dried at room temperature. One hundred and
fifty lL of 95% ethanol was gently added to each
well and then incubated at room temperature for
30 min without shaking. The OD570 was mea-
sured using a Tecan Infinite 200 microplate
reader.
Protein extraction and DnaK detection
Bacterial strains were cultured overnight in MB
medium containing 100 mg L1 of rifampicin at
28 °C under constant shaking (150 min1). The
cultures (OD600: 0.8–1) were centrifuged at
4000 g for 15 min. The pellets obtained were
rinsed once with FASW (35 g L1). Bacteria were
homogenized by rapid agitation with 0.1-mm-
diameter glass beads in cold buffer K (150 mM
sorbitol, 70 mM potassium gluconate, 5 mM
MgCl2, 5 mM NaH2PO4, 40 mM HEPES, pH
7.4) containing a protease inhibitor cocktail
(Sigma-Aldrich, Inc.). Subsequent to centrifuga-
tion at 2200 g for 1 min at 4 °C, supernatant
protein concentrations were determined by the
Bradford method (Bradford 1976). Supernatants
(30 lg protein) were then combined with loading
buffer, vortexed, heated at 95 °C for 5 min, cen-
trifuged at 4000 g for 1 min and then electropho-
resed in 10% SDS–PAGE gels. HeLa cells (Enzo
Life Sciences) (12 lg) served as a positive control
and for calculating the amount of DnaK in each
sample. Proteins were transferred to polyvinylid-
ene fluoride membranes (BioRad Immun-BlotTM
PVDF). After incubation in blocking buffer
(phosphate-buffered saline containing 0.2% (v/v)
Tween-20 and 5% (w/v) bovine serum albumin)
for 1 h, the membrane was incubated with rabbit
polyclonal antibody raised against the ATPase
domain of E. coli DnaK (a generous gift from Dr.
Bernd Bukau, ZMBH) and then with horseradish
peroxidase-conjugated goat anti-rabbit IgG at rec-
ommended dilutions of 1:2500 and 1:5000,
respectively. Membranes were treated with
Immune-starTM WesternCTM chemiluminescence
reagent (Biorad) and analysed by the ChemiDoc
MP Imaging System (Biorad). The relative signal
intensity was quantified by densitometry using
Biorad Image LabTM Software version 4.1.
Brine shrimp Artemia challenge tests
After 28 h of incubation, groups of 20 nauplii
were transferred to sterilized 40-mL glass tubes
containing 20 mL of FASW (35 g L1). Artemia
were fed once with 107 cells mL1 autoclaved
LVS3. Simultaneously, they were challenged with
different vibrios at 107 cells mL1. The survival
of Artemia was scored at 48 h post-challenge. The
relative percentage of survival (RPS) of Artemia
was calculated as described by Amend (1981).
Each treatment was carried out in quadruplicate.
All manipulations were performed under a lami-
nar flow hood in order to maintain the axenicity
of cyst and nauplii. The axenicity of the control
(to which no live bacteria added) was checked at
the end of the experiment by inoculating 100 lL
of the culture water on fresh MA plate. The plates
were incubated at 28 °C for 3 days.
Statistical analysis
Significant differences in the phenotypes between
the luminescent and non-luminescent variants and
between the luminescent wild-type BB120 and the
other luminescent quorum sensing mutant strains
were analysed by independent-samples Student’s
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t-tests. Differences were considered statistically
significant when P < 0.05.
Results
Luminescence
The luminescence of the luminescent (RR-L) and
non-luminescent variants (RR-NL) of wild-type
V. harveyi and its quorum sensing mutants was ver-
ified prior to the analysis of additional phenotypic
characteristics. The luminescence of the non-lumi-
nescent variants was significantly low compared to
the respective luminescent variants (Table 2).
Caseinase activities
Among the luminescent variants, the wild-type
V. harveyi BB120 and the mutant BB152 showed
the highest caseinase activity and the activity of
their caseinases was statistically the same. The
mutants JMH603, JMH606 and JMH634 showed
a significantly lower caseinase activity which also
differed significantly from the caseinase activity of
the wild-type V. harveyi BB120 (Table 3). In
addition, there was also a significant difference in
the caseinase activity between the luminescent
wild-type BB120 and the luminescent mutants
MM30 and MM77.
Comparison between the luminescent and non-
luminescent variants showed that the caseinase
activity of the luminescent variants of BB120,
BB152, MM77 and JMH634 was significantly
higher than their respective non-luminescent vari-
ants, whereas the luminescent variants JMH603
and JMH606 exhibited significantly lower casein-
ase activity than their corresponding non-lumines-
cent variants. Among all the bacterial strains, the
non-luminescent variant of the signal molecule
synthase triple mutant JMH634 showed the low-
est caseinase activity.
Haemolytic activity
In the luminescent group, most of the mutants of
the wild-type BB120 strain had haemolytic activ-
ity significantly lower from the wild-type BB120
strain. Maximum activity was recorded in the
luminescent BB152 (inactive HAI-1 synthase)
(Table 4). The other luminescent strains MM30,
MM77, JMH603, JMH606 and JMH634 showed
a significantly lower haemolytic activity than the
one of the wild-type BB120. Result also showed
that the haemolytic activity in all the non-lumi-
nescent variants was significantly inactivated
(P < 0.05).
Elastase activity
Elastase activity was observed in both the lumines-
cent and non-luminescent strains of the wild-type
BB120 and its isogenic mutants. In the lumines-
cent group, the elastase activity of the wild-type
BB120 appeared to be highest and was not signifi-
cantly different from the BB152 (Fig. 1). The
luminescent mutants MM30, MM77, JMH603,
JMH606 and JMH634 had significant lower elas-
tase activity than the wild-type BB120. Lowest
elastase activity in the luminescent group was
recorded in the mutant MM77. Results also
showed that there was no significant difference in
the elastase activity between the luminescent vari-
ants and the corresponding non-luminescent vari-
ants except for the mutants BB152 (inactive HAI-
1 synthase) and MM77 (inactive HAI-1 and AI-2
synthase) (Fig. 1).
Swimming motility
The swimming motility of all the non-luminescent
variants was significantly higher than that of their
corresponding luminescent variants (Table 5).
Table 2 Luminescence (counts s1) of the isogenic luminescent and non-luminescent variants of Vibrio harveyi wild type and quo-
rum sensing mutants
Bacterial strains Features Luminescent Non-luminescent
BB120 Wild type 28 9 105 17
BB152 Inactive HAI-1 synthase 19 9 105 21
MM30 Inactive AI-2 synthase 17 9 105 26
MM77 Inactive HAI-1 and AI-2 synthase 21 9 102 22
JMH603 Inactive CAI-1 synthase 15 9 104 215
JMH606 Inactive HAI-1 and CAI-1 synthase 60 9 102 31
JMH634 Inactive HAI-1, AI-2 and CAI-1 synthase 34 9 103 202
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Table 3 Caseinase activities of the luminescent and non-luminescent variants of Vibrio harveyi wild type and quorum sensing
mutants
Strain Features
Luminescent variants Non-luminescent variants
Clearing
zone (mm)
Colony
diameter (mm) Ratio
Clearing
zone (mm)
Colony
diameter (mm) Ratio
BB120 Wild type 22.0  1.0 12.0  0.0 1.8  0.1 18.0  0.5 12.0  0.0 1.5  0.0♦
BB152 Inactive HAI-1 synthase 22.0  0.6 12.0  0.0 1.8  0.0 20.0  0.0 12.0  0.0 1.7  0.0♦
MM30 Inactive AI-2 synthase 20.0  0.7 12.0  0.0 1.7  0.1* 20.0  0.4 12.0  0.0 1.7  0.0
MM77 Inactive HAI-1 and AI-2 synthase 18.0  0.4 12.0  0.0 1.5  0.0* 16.0  0.0 12.0  0.0 1.3  0.0♦
JMH603 Inactive CAI-1 synthase 16.0  0.8 12.0  0.0 1.3  0.1* 20.0  0.6 12.0  0.0 1.6  0.0♦
JMH606 Inactive HAI-1 and CAI-1
synthase
15.0  0.0 12.0  0.0 1.3  0.0* 17.0  0.4 12.0  0.0 1.4  0.0♦
JMH634 Inactive HAI-1, AI-2 and CAI-1
synthase
16.0  0.0 12.0  0.0 1.3  0.0* 12.0  0.0 12.0  0.0 1.0  0.0♦
Data are expressed as mean  standard deviation (SD) of four replicates. Values are presented with one digit after the comma, not as an indication of
the accuracy of the measurement, but in order to be able to see the actual SD. Values in the same column with (*) are significantly different from the
wild-type luminescent BB120, and diamonds (♦) indicate significant difference between luminescent variant and its respective non-luminescent variant
(independent-samples t-test, P < 0.05).
Table 4 Haemolytic activities of the luminescent and non-luminescent variants of Vibrio harveyi wild type and quorum sensing
mutants
Strain Features
Luminescent variants Non-luminescent variants
Clearing
zone (mm)
Colony
diameter (mm) Ratio
Clearing
zone (mm)
Colony
diameter (mm) Ratio
BB120 Wild type 17.0  0.5 10.0  0.0 1.7  0.1 10.0  0.5 10.0  0.0 1.0  0.0♦
BB152 Inactive HAI-1 synthase 18.0  0.6 10.0  0.0 1.8  0.1* 10.0  0.0 10.0  0.0 1.0  0.0♦
MM30 Inactive AI-2 synthase 16.0  0.5 10.0  0.0 1.6  0.1* 10.0  0.0 10.0  0.0 1.0  0.0♦
MM77 Inactive HAI-1 and AI-2 synthase 16.0  0.5 10.0  0.0 1.6  0.1* 10.0  0.0 10.0  0.0 1.0  0.0♦
JMH603 Inactive CAI-1 synthase 16.0  0.8 10.0  0.0 1.6  0.0* 10.0  0.6 10.0  0.0 1.0  0.0♦
JMH606 Inactive HAI-1 and CAI-1
synthase
15.0  0.0 10.0  0.0 1.5  0.1* 10.0  0.0 10.0  0.0 1.0  0.0♦
JMH634 Inactive HAI-1, AI-2 and
CAI-1 synthase
15.0  0.0 10.0  0.0 1.5  0.1* 10.0  0.0 10.0  0.0 1.0  0.0♦
Data are expressed as mean  standard deviation (SD) of four replicates. Values are presented with one digit after the comma, not as an indication of
the accuracy of the measurement, but in order to be able to see the actual SD. Values in the same column with (*) are significantly different from the
wild-type luminescent BB120, and diamonds (♦) indicate significant difference between luminescent variant and its respective non-luminescent variant
(independent-samples t-test, P < 0.05).
Figure 1 Elastase activity of the
luminescent and non-luminescent variants
of Vibrio harveyi wild type and quorum
sensing mutants. Data are expressed as
mean  standard deviation of three
replicates. Values in the same column with
(*) are significantly different from the
wild-type luminescent BB120, and
diamonds (♦) indicate significant difference
between luminescent variant and its
respective non-luminescent variant
(independent-samples t-test, P < 0.05).
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Biofilm formation
In the luminescent group, the wild-type BB120
exhibited the highest level of biofilm formation
(Fig. 2). However, it was not significantly differ-
ent from biofilm formation by the mutants
MM30, JMH603, JMH606 and JMH634. The
non-luminescent BB152, MM30, MM77 and
JMH603 variants had a significantly (P < 0.05)
higher capacity to form biofilms than their corre-
sponding luminescent variants.
Induction of DnaK
Result showed the presence of DnaK (bacterial
equivalent heat-shock protein 70) in all the
bacterial strains but at different levels (Fig. 3).
Both the luminescent and non-luminescent vari-
ants of the JMH634 (inactive HAI-1, AI-2 and
CAI-1 synthase) had the highest level of DnaK,
whereas the inactive AI-2 synthase MM30 strain
(both luminescent and non-luminescent variants)
had the lowest level (Fig. 3). The DnaK level in
the luminescent mutants BB152 (inactive HAI-1
synthase) and MM77 (inactive HAI-1 and AI-2
synthase) was significantly lower than that in their
corresponding non-luminescent variants. In con-
trast, the luminescent JMH603 mutant (inactive
CAI-1 synthase) had a significantly higher DnaK
level than its corresponding non-luminescent
variant.
Survival of Vibrio-challenged Artemia
The virulence of luminescent and non-lumines-
cent variants of the wild-type V. harveyi BB120
and its quorum sensing mutant strains was con-
firmed by an experimental infection in gnotobiotic
brine shrimp (Artemia franciscana). Artemia chal-
lenged with the wild-type BB120 (luminescent or
non-luminescent variants) had the lowest survival.
The survival of Artemia challenged by luminescent
variants of the wild-type strain BB120 and its iso-
genic mutants was lower than the survival of the
Artemia challenged by their non-luminescent
counterparts, but significant differences were not
observed except for the mutant strain BB152
(inactive HAI-1 synthase) (Table 6). The survival
rates in Artemia challenged with the
Table 5 Relative percentage of swimming motility of the non-
luminescent variants of Vibrio harveyi wild type and quorum
sensing mutants
Strain Feature
Non-luminescent
variants (%)
BB120 Wild type 130.0  0.6
BB152 Inactive HAI-1 synthase 180.0  1.5
MM30 Inactive AI-2 synthase 200.0  3.8
MM77 Inactive HAI-1 and AI-2 synthase 380.0  3.6
JMH603 Inactive CAI-1 synthase 150.0  0.8
JMH606 Inactive HAI-1 and
CAI-1 synthase
120.0  5.5
JMH634 Inactive HAI-1, AI-2 and
CAI-1 synthase
110.0  0.6
The value of the swimming motility (in %) (mean of four replicates) of
each non-luminescent (NL) variant was expressed relative to the swim-
ming motility of the luminescent variant. Motility values in the NL strains
were all significantly higher (independent-samples t-test, P < 0.05.
Figure 2 Biofilm formations of the
luminescent and non-luminescent variants
of Vibrio harveyi wild type and quorum
sensing mutants. Data are expressed as
mean  standard deviation of three
replicates. Values in the same column with
(*) are significantly different from the
wild-type luminescent BB120, and
diamonds (♦) indicate significant difference
between luminescent variant and its
respective non-luminescent variant
(independent-samples t-test, P < 0.05).
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non-luminescent BB152 were 4.5 times greater
than those in their corresponding luminescent
variants.
Discussion
Microorganisms can adapt to environmental
changes, such as variation in chemical composi-
tion, local temperature, or illumination by sensing
the changes and responding appropriately, for
example, by switching phenotype or behaviour
(Moxon et al. 1994; Bossier & Verstraete 1996;
Woude & Baumler 2004; Kussell & Leibler
2005). In this study, we showed that luminescent
phenotypes of wild-type V. harveyi strain and
their quorum sensing mutants switch to non-lumi-
nescence when cultured in the dark under static
condition. The underlying cause(s) behind such a
non-luminescent phenotype in the non-lumines-
cent variants remains unresolved. Similar pheno-
typic shifts have been described previously (Phuoc
et al. 2009; Ruwandeepika et al. 2010; Natrah
et al. 2011). In a previous study, Phuoc et al.
(2009) aimed to verify whether the phenomenon
of the non-luminescent phenotypes in V. harveyi
and V. campbellii cultured under similar static
conditions was linked to quorum sensing molecule
production. To verify this assumption, the authors
used wild-type V. harveyi and mutant strains (with
mutations in the HAI-1 and AI-2 quorum sensing
pathway) and found that the luminescent mutant
variants were still able to switch to non-lumines-
cent variants. In fact, the quorum sensing mole-
cules (HAI-1 and AI-2) were still present in
cultures of non-luminescent V. harveyi BB120 and
V. campbellii, indicating that the non-luminescent
phenotype was not caused by inability of the
strains to produce these quorum sensing mole-
cules. Perhaps a mutation or gene rearrangement
of the quorum sensing system or in the regulatory
protein (such as quorum sensing master regulator
LuxR) might be involved in the creation of the
non-luminescent status (Ruwandeepika et al.
2010).
Having observed such a phenotypic switch in
response to change in the culture conditions, we
next verified whether any changes occur in the
production of virulence factors in all tested
Figure 3 Induction of DnaK of the
luminescent and non-luminescent variants
of Vibrio harveyi wild type and quorum
sensing mutants. Data are expressed as
mean  standard deviation of three
replicates. Values in the same column with
(*) are significantly different from the
wild-type luminescent BB120, and
diamonds (♦) indicate significant difference
between luminescent variant and its
respective non-luminescent variant
(independent-samples t-test, P < 0.05).
Table 6 Survival of Artemia nauplii at 48 h post-challenge with wild-type BB120 and its isogenic quorum sensing mutant strains
Bacterial strains Features Luminescent (%) Non-luminescent (%)
BB120 Wild type 14  3 21  5
BB152 Inactive HAI-1 synthase 15  2♦ 68  7
MM30 Inactive AI-2 synthase 73  11* 87  9
MM77 Inactive HAI-1 and AI-2 synthase 70  6* 87  7
JMH603 Inactive CAI-1 synthase 72  7* 80  5
JMH606 Inactive HAI-1 and CAI-1 synthase 87  10* 96  6
JMH634 Inactive HAI-1, AI-2 and CAI-1 synthase 91  10* 97  6
Data are expressed as mean  standard deviation of five replicates. Values in the same column with (*) are significantly different from the wild-type
luminescent BB120, and diamonds (♦) indicate significant difference between luminescent variant and its respective non-luminescent variant (indepen-
dent-samples t-test, P < 0.05).
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variants. Our results indicated that switching from
luminescent variant of the wild-type V. harveyi
and its quorum sensing mutants to their respective
non-luminescent variants significantly influenced
multiple aspects of their phenotypic behaviour.
The type of influence (positive or negative) dif-
fered depending on the virulence factor and also
on the mutation in quorum sensing signal mole-
cules. Caseinase activity in both the luminescent
and non-luminescent variants of the wild-type
V. harveyi strain and its quorum sensing mutants
was positively regulated by quorum sensing, possi-
ble by CAI-1, being the main quorum sensing sig-
nal molecules influencing the production of
caseinase, as the inactive CAI-1 synthase strains
showed a significant lower caseinase activity in
comparison with other quorum sensing mutant
strains. This result coincides with the finding of
Natrah et al. (2011) who showed that caseinase
activity in V. harveyi is quorum sensing depen-
dent. Our result also indicated that most of the
luminescent variants had a significant higher ca-
seinase activity than their corresponding non-
luminescent variants. Similar results were obtained
for the haemolytic activity: non-luminescent vari-
ants showed a significant reduced haemolytic
activity relative to their luminescent variants.
Motility and biofilm formation are important
virulence factors in bacterial pathogens. In some
species, motility is only important in the initial
phase of the infection as it promotes contact-
dependent adhesion to host cells. In other bacte-
ria, motility needs to be established and main-
tained during the infection. Biofilm formation is
known to be mediated by several factors, such as
quorum sensing, cyclic di-GMP, pilli, flagella and
exopolysaccharide. The ability to create a biofilm
could assist bacteria to become more resistant to
environmental stresses, such as bacteriophage
infection, antibiotic and other antimicrobial agents
(Kokare et al. 2009; McDougal et al. 2012). We
found a relationship between motility and biofilm
formation in most of the non-luminescent vari-
ants. In fact, most of the non-luminescent strains
showed a significant higher capacity of biofilm
formation and a significantly improved swimming
motility. These results are consistent with the
finding of Watnick & Kolter (1999), who showed
that mobility is the major contributor to biofilm
formation in V. cholerae EI Tor. Perhaps the
motile non-luminescent variants spend a signifi-
cant part of their cellular energy on the formation
of the motile apparatus and for its rotation (Jo-
senhans & Suerbaum 2002), leaving less energy
for the production of other virulence factors, such
as caseinase and haemolysin. Interestingly, Josenh-
ans & Suerbaum (2002) stated that motile patho-
genic bacteria have the ability to switch motility
on and off as required and are even able to alter
between a motile or sessile lifestyle in the same
host and habitat, depending on their growth con-
dition. In Vibrio, conditions inducing a shift from
the non-luminescent stage back to luminescence
have not been described yet.
Several studies demonstrated the important role
of Hsps in regulating the virulence of pathogens
(Chakrabarti, Sengupta & Chowdhury 1999;
Gophna, Ron & Graur 2003). For instance, Hoff-
man & Garduno (1999) reported that DnaK of
the ulcer-causing bacterium, Helicobacter pylori,
mediates attachment to host gastric epithelial cells.
The increased expression of this DnaK following
acid shock correlates with both increased bacterial
adhesion and inflammation of the gastric mucosa.
Chakrabarti et al. (1999) described a possible
interference of DnaK with virulence factor pro-
duction by V. cholera. Our results showed a phe-
notypic shift from bioluminescence to non-
luminescence was not associated with a clear alter-
ation in the DnaK level. Additionally, DnaK pro-
duction by the wild-type BB120 and its quorum
sensing mutants was quorum sensing independent,
indicating that different unknown factor(s) might
be regulating the production of DnaK in these
strains.
This study also confirmed that concomitant
with the loss of luminescence, the non-lumines-
cent variants appeared to be less virulent towards
Artemia (Table 5). The lower production level of
various virulence factors might explain the lower
virulence of the non-luminescent variants in our
challenge test. Results of the in vivo test also
revealed that AI-2 and CAI-1 signal molecules
were the crucial signalling factors affecting the vir-
ulence of V. harveyi towards Artemia. This is in
line with the results of an earlier study of our
group (Defoirdt & Sorgeloos 2012).
Overall results indicated that switching to the
non-luminescent state could change the pheno-
typic physiology or behaviour of V. harveyi result-
ing in altered caseinase and haemolysin activities
and in improved swimming motility and biofilm
formation. The phenotype switching capacity was
to a large extent independent from the quorum
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sensing status, in that quorum sensing mutants
were equally capable of making the phenotypic
switch.
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